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Overview

• Historical Introduction, The Role of Accelerators Today


• Accelerator Basics


• The Large Hadron Collider
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100 Years ago: How it started

• Uranium as natural “accelerator”  
MeV - scale particles from  
radioactive decay
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• 1911 Rutherford discovered the atomic nucleus by experiments with α 
particles on a thin Gold foil
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Motivation for Accelerators

• Initially, accelerators were only used for basic research: 
To look into the structure of matter, you need short wavelengths, e.g. high 
energies
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1 GeV probes the size of the proton!
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1 GeV probes the size of the proton!

• To create new, previously unknown particles, you need energy

• If you are looking for something that is rare (small cross-section!), you need

 

Intensity
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Historical Overview

• 1928:  R. Wideroe reports the operation of the first linear accelerator  
         (Ka and Na-Ions)


• 1931:  Van de Graaff constructs the first high voltage generator


• 1932: Lawrence and Livingston present first proton beams from a 1.2 MeV Cyclotron


• 1939:	 Hansen, Varian and Varian invent the Klystron


• 1941:	 Kerst and Serber introduce the Betatron 
           Touschek and Wideroe invent the principle of ring accelerators


• 1947:	 Alvarez develops the first proton linear accelerator


• 1950 	 Christofilos formulates the concept of strong focusing
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E.O. Lawrence
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Accelerators - Today
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Controlling power plant 
gas emission
In some pilot plants, electron 
beams are used to control 
emission of sulphur and 
nitrogen oxides.

Hadron therapy
Proton and ion beams are 
well suited for the treatment 
of deep seated tumours.

Hardening materials
Replacing steel with X-ray 
cured carbon composites can 
reduce car energy consumption 
by 50%.

Positron Emission 
Tomography (PET)
Radioisotopes used in PET-CT 
scanning are produced with 
accelerators.

Ion implantation for 
electronics
Many digital electronics rely 
on ion implanters to build fast 
transistors and chips.

Cultural heritage
Particle beams are used for 
non-destructive analysis of 
works of art and ancient relics.

Energy
Accelerator technologies may 
bring the power of the sun 
“down to earth”, treat nuclear 
waste and allow for safer 
operation of reactors.

Protein modelling
Synchrotron light allows 
scientists to solve the 3D 
structure of proteins e.g. the 
Chikungunya virus.

Materials research
Beams of photons, neutrons 
and muons are essential 
tools to study materials at the 
atomic level.

Particle accelerators were originally 
developed for investigating the fundamental 
laws of nature. These machines would do 
this by accelerating and colliding charged 
particles at extremely high energies. The 
resulting particles produced in these 
collisions would then be detected and 
analysed to reveal the structure of matter. 
However, today, accelerators also play an 
increasingly significant role in society and 
industry with an extremely important, but 
often unseen, impact on our everyday life. 

Nowadays the vast majority of accelerators 
are not used for fundamental science but 
for industrial processes and for applications 
relevant to society. Among these, the most 
noteworthy applications include electronics, 
electron beam cutting and welding, 
hardening materials, medical diagnosis, the 
treatment of cancer, monitoring air pollution 
and climate change, the examination and 
dating of works of art and ancient objects, 
sterilising food and medical goods and 
cargo scanning. Possible future applications 
towards alternative energy sources are also 
being developed.

To ensure that the technological benefits of 
science can be exploited for more efficient 
and effective applications that impact on 
the way we all live and work as a society, it 
is essential to provide on-going support for 
accelerator research and development.

The impact of accelerators on Society

Research

Fundamental physics
Biological & chemical sciences
Materials science

Treating cancer
Medical Imaging 

Non-destructive 
testing
Cultural heritage
Authentication
Cargo scanning
 

Energy & 
Environment

Cleaning flue 
gases of thermal 
power plants Health & Medicine

Material 
identification 

Industrial applications

Ion implantation for electronics
Hardening surfaces 
Hardening materials 
Welding and cutting
Treating waste & medical material

Safe nuclear 
power
Replacing ageing 
research reactors
 

Prospects 
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Accelerators - Today
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Accelerators for Society
Particle accelerators are being applied throughout society. Originally developed 
for fundamental research, today they are used for a range of applications, from 
healthcare to manufacturing silicon chips to reducing pollution.

400 B€ The main objective of TIARA is the integration of na-
tional and international accelerator R&D infrastructures 
into a single distributed European accelerator R&D 
facility with the goal of developing and strengthen-
ing state-of-the-art research, competitiveness and 
innovation in a sustainable way in the field of accel-
erator Science and Technology in Europe.

Besides maximizing the benefits for the owners of the 
infrastructures and their users, TIARA aims to establish 
a framework for developing and supporting strong 
joint European programmes:
• for accelerator Research and Development
• for education and training
• for enhancing innovation in collaboration with indus-
try.

The means and structures required to bring about the 
objectives of TIARA are being developed through the 
TIARA Preparatory Phase project, which started in 
January 2011 and will run for 3 years. This project in-
volves 11 partners from 8 countries.

Member institutes of the TIARA preparatory phase:
CEA, France
CERN, Switzerland
CIEMAT, Spain
CNRS, France
DESY, Germany
GSI, Germany
IFJ PAN, representing the Polish consortium
INFN, Italy
PSI, Switzerland
STFC, United Kingdom
Uppsala U., representing the Nordic consortium (Denmark, 
Finland, Norway, Sweden)

More information on www.eu-tiara.eu

Published by TIARA-PP
Contact information at www.eu-tiara.eu
Contributors: CEA/DSM/IRFU, CERN, CNRS/IN2P3, DESY, INFN, PSI, 
STFC
Design and layout by Fabienne Marcastel (CERN Communication Group)
The project Accelerators for Society is sponsored by the TIARA-PP project 
which is co-funded by the European Commission within the Framework 
Programme 7 Capacities Specific Programme

Further information will be provided in a website to be published in early 
2013.

Images credits:
Front page: LHC-CERN, Switzerland
1- Dr DJ Barlow at Kings College London using ISIS Neutron Facility, United 
Kingdom
2- Voss et al. Nature (2010) 468, 709 (via Synchrotron Soleil, France)
3- Pomorzany power plant, Poland - Pkuczynski
4- Paul Scherrer Institute, Switzerland
5- John Prior CHUV, Switzerland
6- Shutterstock.com
7- INFN/Domenico Santonocito, Italy
8- LABEC, INFN’s Laboratory for Cultural Heritage and Environment, Italy
9- CEA/DSM/IRFU/SAp, France

of end products are produced, sterilized, 

or examined using industrial accelerators 

annually worldwide.

More than 24 000 particle accelerators have been built globally over the past 

60 years to produce charged particle beams for use in industrial processes.  

This number does not include the more than 11 000 particle accelerators that have 

been produced exclusively for medical therapy with electrons, ions, neutrons, or X-rays.

More than 24 000  

patients have been treated by hadron 

therapy in Europe.

More than 75 000 

patients have been treated by hadron therapy 

in the world. 

Around 200 accelerators are used for research worldwide, with an estimated 

yearly consolidated cost of 1 B€.

The world’s largest particle accelerator, the 

Large Hadron Collider (LHC), is installed 

in a tunnel 27 km in circumference, 

buried 50-175 m below ground.

The temperature of the superconducting 

magnets in the LHC reaches – 271 °C.  
In contrast, the temperature at collision point is 

1000 million times hotter than that of the Sun’s 

core.

More than

References
Numbers related to industrial accelerators
Robert W. Hamm and Marianne E. Hamm, Eds., “Introduction to the Beam Busi-
ness” in Industrial Accelerators and their Applications (World Scientific, Singapore, 
2012), ISBN-13 978-981-4307-04-8, pp.1–8.
Numbers related to patients treated by hadron therapy
PTCOG: Particle Therapy Co-Operative Group http://ptcog.web.psi.ch/ptcentres.
html
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Accelerator Basics
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The Basics of Particle Acceleration

• The underlying equations: Maxwell-Equations

�9Particle Physics at Colliders and in the High Energy Universe: 
WS 18/19, 09: Particle Colliders

The key: Lorentz-Force 
  
! 
F = q

! 
E + ! v ×

! 
B ( )

n.b.: The Lorentz-force is non-conservative for time-dependent fields!



Frank Simon (fsimon@mpp.mpg.de)

Basic Accelerator Types: Cyclotron, Linac

• Cyclotron:

• Magnetic field to bend particles


• Alternating electric field for 
acceleration
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• Linear accelerator:

• Alternating electric field for acceleration
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Basic Accelerator Types: Synchrotron

• Synchrotron:

• Magnetic bending field gets ramped up with particle energy: Particles can stay on fixed 

path


• Magnetic field only needed locally


• Same accelerating cavities get passed many times
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credit:EPSIM 3D/JF Santarelli, Synchrotron Soleil

accelerating cavity

bending magnet

focusing magnet



Frank Simon (fsimon@mpp.mpg.de)

Functional Parts of Ring Accelerators
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Dipole to keep circular track

Quadrupole for focusing

RF cavity for acceleration

Sextupole for higher 
order focusing, 
additional beam line 
elements: beam pipe, 
pumps, …
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Limits for Ring Accelerators: Bending Power

• Strong dipole magnets keep particles on their track in a synchrotron 
Magnetic field and radius define energy!
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Lorentz force acts on moving charge

It forces the particle on a circular track:

Often, the term “stiffness” is used:

LHC : (Bρ)~23000 Tm

Maximum dipole field and radius define maximum energy
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�E = 8.85� 10�5 E4[GeV4]
�[km]

MeV

Limits for Ring Accelerators: Synchrotron Radiation

• Energy loss of electrons per turn in a storage ring
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• Charged particles loose energy when accelerated:

P =
1

6⇤⇥0

e2a2

c3
�4 a =

v2

�
ρ: bending radius

scales with γ4, at constant energy with 1/m4 ➫ Electrons loose 1013 times more 

energy than protons!
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�E = 7.8� 10�6 E4[TeV4]
�[km]

MeV

• Energy loss of protons

• Charged particles loose energy when accelerated:

P =
1

6⇤⇥0

e2a2

c3
�4 a =

v2

�
ρ: bending radius

scales with γ4, at constant energy with 1/m4 ➫ Electrons loose 1013 times more 

energy than protons!
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• Energy loss of protons

• Example: 100 GeV electrons in LHC-tunnel (ρ ~ 4.3 km), e.g. LEP: ΔE ~ 2 GeV
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�E = 7.8� 10�6 E4[TeV4]
�[km]
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• Energy loss of protons

• Example: 100 GeV electrons in LHC-tunnel (ρ ~ 4.3 km), e.g. LEP: ΔE ~ 2 GeV

• Example: 7 TeV protons in LHC-tunnel (ρ ~ 4.3 km): ΔE ~ 4.4 keV

➫ Highest energies are not possible with electrons using synchrotrons!

• Charged particles loose energy when accelerated:

P =
1

6⇤⇥0

e2a2

c3
�4 a =

v2

�
ρ: bending radius

scales with γ4, at constant energy with 1/m4 ➫ Electrons loose 1013 times more 

energy than protons!
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Strong Focusing

• Strong Focusing, or Alternating Gradient Synchroton: Breakthrough that 
allowed to reach high energies of 10 GeV and more
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€ 

1
f

=
1
f1

+
1
f2
−

d
f1 f2

• Two crossed quadrupole fields have a net focusing 
effect, if they are placed at the right distance d 
(smaller than the focal length) - Just like a lens system 
in optics!
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Stochastic Cooling
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• Nobel prize to Simon van der Meer (1984)


• Reduction of transversal phase space particle bunches: picking up 
displacements on one side of the ring, applying correctly timed correction 
pulses on the other side of the ring

amplification of pick-up signal by 150 dB (1015).

• Crucial for particle beams that naturally 
come with larger emittance: 


• Anti-protons: Made p-anti-p colliders 
possible - introduced for the SppS, 
also extensively used at Tevatron


• Heavy ions: Used at RHIC
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High Energies: Colliders

• The first experiments with accelerators were fixed-target experiments: 
(Relatively) easy to manage: Shoot a beam at a target 

• Much higher energy can be obtained in collider mode: 
Two beams collider, the center of mass can be at rest in the laboratory
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€ 

Ecm = 2E = 2γmpc
2

€ 

Ecm = 2 γ +1( )mpc
2

For colliding protons
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Key Collider Parameters 

• Event Rate
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€ 

R = L ⋅σ

• Luminosity

€ 

L = f n1n2
4πσ xσ y

σy: vertical beam size

ni: Number of particles in bunch i
f: Collision frequency

σx: horizontal beam size

... assuming a gaussian beam profile and perfect overlap
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€ 

R = L ⋅σ

• Luminosity

€ 

L = f n1n2
4πσ xσ y

σy: vertical beam size

ni: Number of particles in bunch i
f: Collision frequency

σx: horizontal beam size

... assuming a gaussian beam profile and perfect overlap

• Luminosity is often expressed in terms of the “β function” at the collision 
point and in terms of “emittance”

• β* is related to the beam optics 

• ε is related to the beam quality, and gives the phase space of the beam 

particles (units length * angle)

€ 

⇒    L = f n1n2

4 εxβx
*εyβy

*
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Evolution of Energy - The Livingston Plot
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Livingston plot

Exponential growth
of Ecm in time

Starting in 60’s  
with e+e−  at about 1GeV

Factor 4 every  10 y

pp, pp̄ :  Ecm / 6
still 5 × above e+e−  at 

same time

Comparison of Colliders
at the Energy Frontier

The LHC is a big step forward
Excellent potential for major discoveries

pp, pp̄ : discovery
e+e−         : precision

both required machines

+  ep : hadron structure, QCD
    HERA, LHeC
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Colliders - Now and Then

• 29 Colliders built, 7 work ”now”
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29 Colliders Built… 7 Work “Now”

VEPP-2000
VEPP-4M

LHC

DAFNE

BEPC-II

KEK-B

RHIC

6
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The Highest Energy e+e- Collider to date: LEP
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• Up to now the highest energy collider for leptons: Up to 209 GeV center of 
mass energy



Frank Simon (fsimon@mpp.mpg.de)

The Size - In Perspective
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In the LEP Tunnel
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• Focusing quadrupoles


• Main dipoles

Foto: CERN
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In the LEP Tunnel
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• Focusing quadrupoles


• Main dipoles

Foto: CERN

Now: Home of the LHC


Much higher energy for 
protons: Limited by dipole 
magnet strength, LEP was 
limited by accelerating cavity 
power (synchrotron radiation!)
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The Large Hadron Collider
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The LHC: Visions (1980ies)

• particle accelerator with the highest collision energies aiming at:

• test of the Standard Model beyond energies of 1 TeV


• finding the missing pieces of the SM: top quark


• investigate the mechanism of electroweak symmetry breaking:  
find the Higgs boson


• search for New Physics beyond the Standard Model  
(Supersymmetry, large extra dimensions, …)


• find the unexpected
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The Challenges
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•“fast“ and „cheap“
use existing LEP tunnel

and pre-accelerators 

of CERN

➫
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•“fast“ and „cheap“
use existing LEP tunnel

and pre-accelerators 

of CERN

➫

• highest energies at 

  given radius of tunnel

accelerate protons

(instead of electrons at LEP)➫
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•“fast“ and „cheap“
use existing LEP tunnel

and pre-accelerators 

of CERN

➫

• highest energies at 

  given radius of tunnel

accelerate protons

(instead of electrons at LEP)➫

• collision energies of

  constituents of ~TeV

Proton energies of

at least 5 TeV➫

• Proton energies of 

  at least 5 TeV

superconducting magnets

at ~ 8 Tesla ➫

• generate objects of 

  very high masses

need high luminosity

(L ~1034  cm-2 s-1)➫

• L ~1034  cm-2 s-1
high data rates; radiation 
damage➫
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The Key for High Energies: Dipole Magnets

• The field of the main dipoles (and the radius) 
determine the energy of a proton collider: 
Need strong magnets!
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December 29, 2012 17:30 WSPC/253-RAST : SPI-J100 1230003

84 L. Rossi & L. Bottura

• Field quality. Coil geometry reproducibility, which
is related to the random component of the field
harmonics, although encouraging and improving,
suffers still from poor statistics. A cored cable is
almost certainly needed to avoid ramp rate effects
due to the potential of low interstrand resistance,
which can result from sintering. The next genera-
tion of LARP coils will make use of a cored cable,
to gain experience on this issue, which is also rel-
evant to the 11 T dipole project.

• Radiation resistance. All materials have to with-
stand an extremely high radiation load — to reach
the final target of 3000 fb−1, one has an accumu-
lated dose that, in present estimates, could reach
∼ 10–100 MGy. A systematic program has been
launched by CERN in collaboration with a few
European institutes, as well as KEK and J-PARC
in Japan.

• Length. With 150-mm-aperture magnets provid-
ing a 140 T/m operational gradient, the machine
optics needs magnets of 7 m and 9 m length. So
far, Nb3Sn dipoles and quadrupoles exist as 1-m-
long models, and a few 3.6-m-long quadrupoles.
Replacing 9 m by two 4.5-m-long units is becoming
the baseline, with moderate impact on luminosity
performance.

6.2. The high energy LHC and the
HTS frontier

The possibility of increasing the beam energy
of the LHC has been considered at CERN in
2010 [56]. The project appears feasible; the most
critical issue is the maximum field attainable by the
main dipoles, which determines the final performance
of the machine, according to (1).

The minimum goal of the high energy machine,
the HE-LHC, is to double the present LHC design
energy, but a more ambitious target has actu-
ally been set at 33 TeV of center-of-mass (collision)
energy. A proton beam energy of 16.5 TeV requires
operation of the main dipoles at 20 T, with a huge
jump beyond the state of the art, as can be seen from
the plot of the historical evolution of the dipole field
for hadron colliders shown in Fig. 34, where the range
of interest for the HL-LHC and HE-LHC is indicated,
together with the domain accessible by various super-
conductors; see also Fig. 11.

Fig. 34. Dipole field versus time for the main past projects
and the region of interest for the LHC upgrades.

6.2.1. Generic high field dipoles: R&D

For high field magnets, the stresses are such that the
shell–bladder concept previously mentioned looks
very attractive. It can be applied to quadrupoles and
dipoles, to cosϑ and to block coil layouts, i.e. to coils
rectangular in shape, like the one in Fig. 31. The fact
that Nb3Sn coils have a very high modulus, more
than 20 GPa rather than the 5–10 GPa common for
NbTi, makes controlling stress via collars more diffi-
cult and favors the shell–bladder structure.

The quest for a high field dipole is at present
underway via four main programs: (i) LBNL, with
a long historical record, is pushing the limit of the
rectangular block coil with the shell–bladder struc-
ture, with a series of magnets called HDs. HD2,
which is the first to feature a free bore obtained with
flare coil ends, (see Fig. 35), reached 13.8 T, which
is about 78% of Jc [57], while HD3, with a larger
bore, has experienced some electrical problems that
are temporarily delaying the project; (2) the LD1
program — Large Dipole 1 — is a 13 T dipole with
a large bore (> 100 mm) for a high field US cable
test facility on the horizon of 2015; (3) the EU pro-
gram EuCARD is aiming at producing first a large
bore (> 100 mm) 13 T dipole, for the CERN cable
test facility called Fresca2, by 2013, and then at
reaching a total field of 19 T by adding a small HTS
racetrack without a free bore; (4) the EU program
EuCARD2 — just approved to start in 2013 — aims
at developing a 10 kA class HTS cable and at design-
ing and manufacturing a 5 T, 40 mm bore dipole of
accelerator quality, wound with the cable mentioned
above. The scope is to eventually insert the 5 T HTS
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Larger Fields: Large Coils, Large Forces

• Magnets get larger for larger fields
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• Magnets get larger for larger fields
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Table 3. Current density Joverall and other characteristics of different types of large magnetic systems.

Magnetic system Current density Operating Typical field System stored
(only dc) Joverall (A/mm2) current (kA) range (T) energy (MJ)

Resistive-air cooled 1–5 1–2 <1 0.01
Resistive-water cooled 10–15 1–10 2 0.05
SC magnets for particle 20–40 2–20 2–6 5–2500

detectors
SC Tokamaks for fusion∗ 25–50 5–70 8–13 5–40,000
SC magnets for MRI 50–200 1 1–10 1–50
SC laboratory solenoids 100–250 0.1–2 5–20 1–20
SC accelerators 200–500 1–12 4–10 1–10,000

∗Top figures refer to ITER, under construction.

We also note from the above scaling that the
forces in a dipole scale proportionally to the magnet
aperture, and with the square of the field. The accu-
racy of the scaling is demonstrated in Fig. 6, where
we report the horizontal and vertical forces in the coil
quadrant of the dipoles of the four large scale super-
conducting synchrotrons, and the SSC. The scaling
is reasonably accurate, better than 20%, for mag-
nets that cover a relatively large span of the field
and aperture.

The large increase in force makes it clear why
the mechanical design of high field magnets is chal-
lenging, and why in general high field magnets tend
to have the minimum practical aperture. We see,
however, that if the coil is designed for a given cur-
rent density, which is usually the case, the stress in
the coil increases only linearly with the field. This is
because the width of a coil with given current den-
sity also increases linearly with the bore field, thus
providing more material to resist the force. In fact,

Fig. 6. Horizontal and vertical force on one coil quadrant (see inset), computed for the superconducting dipoles of the main
high-energy colliders, and the SSC, and plotted vs. the dipole field in the magnet bore.

the stress can be lowered by reducing the current
density in the coil and/or Rin, as indicated by the
scaling relations above.

A final interesting result of the scaling analysis
is that the magnet energy per unit length is also a
strong function of the bore field and aperture. As in
Fig. 6, we have reported in Fig. 7 a summary of the
energy per unit length in the dipoles of the four large
synchrotrons, and the SSC. Here, again, we see that
the scaling works fairly well. The difficulty associated
with the increase in stored energy is the protection of
the magnet (and the chain of magnets, in particular)
in case of quench, to be discussed later.

2.2.2. Alternative configurations

Alternative coil shapes have been considered in
the design of SCMs. An interesting alternative to
cosϑ is the use of coil blocks rectangular in shape.
However, in addition to the lower coil efficiency

• … and have to hold 
large forces



Frank Simon (fsimon@mpp.mpg.de)

Magnetic Fields, Currents & Temperature

• Superconducting state depends on current density 
JE, magnetic field and temperature 
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Fig. 10. Picture of the LHC dipole cross section showing details of the coil around one of the two beam pipes (see drawing in
Fig. 3 and Fig. 5 for a better understanding). The highly packed coil demonstrates the concepts discussed in the text. An LHC
cable with partially etched strand is shown in the inset.

Fig. 11. Engineering current density of high field superconductors (courtesy of P. Lee, Applied Superconductivity Center of
FSU, Florida).

fully mature for accelerators; see Sec. 6. MgB2 is
a niche material: bound to the 4–15 K temperature
range and good only for relatively low fields, 1–5 T, it
may in the future compete with Nb–Ti since poten-
tially it has a very low cost. However, the current
performance is still short of that for standard Nb–
Ti, while the mechanical properties, quality (filament
diameter) and uniformity are much worse. The only
advantage is its critical temperature, which entails a

large stability margin: for this reason it may be use-
ful for fast synchrotron magnets, where steady heat
release is an issue.

HTSs (high temperature superconductors), with
which we indicate Bi-2212 or YBCO, are interesting
only for fields above 15–16 T, a range that is hardly
achievable by Nb3Sn for accelerators, even at 1.9 K.
To date, only preliminary R&D studies using these
materials for this type of magnets are underway.

• => Prefer materials with high TC, operated at low temperature
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The Large Hadron Collider LHC

• Proton-proton collider in a 
27 km tunnel at CERN
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        p        ⇒            ⇐      p 

7 TeV 7 TeV

• Highest collision energies


• Highest luminosity

• 4 large experiments: 


• ATLAS & CMS (general purpose p+p)


• ALICE (Heavy Ion collisions)


• LHCb (heavy quark physics)

constructed & operated in collaboration 
with ~ 40 nations

• Start of operations 2009 (originally planned for 2005), running until ~ 2035
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The LHC Complex at CERN
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The Full CERN Accelerator Complex
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LHC: Parameters
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Proton – Proton collisions:  


2835  x 2835 bunches

distance:   7.5 m    ( 25 ns) 


1011 protons / bunch 

collision rate:   40 million / second 

Luminosity:   L = 1034 cm-2 s-1


Proton-Proton collisions:  ~109 / s

(pile-up of  20-30 pp-interactions

  for each beam crossing) 


 ~1600 charged particles in detector 


⇒     highest demands on detectors 
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Production Cross Sections: Physics Expectations
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Production Rates at LHC
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•  Inelastic Proton-Proton collisions:                    1  Billion / second 
•  Quark -Quark/Gluon scatterings with               ~100  Millions/ sec 
   large transverse momenta (> 20 GeV)  

•  b-Quark pairs                                                       5  Millions / sec  
•  top-Quark pairs                                                    8                 / sec 

•  W  → e ν                                                                   150                / sec 
•   Z  → e e                                                              15                / sec 

•   Higgs (Mass = 150 GeV)                                  0.2               / sec 
•   Gluino, Squarks (Mass = 1 TeV)                      0.03             / sec

•   Interesting physics processes are extremely rare: 

    ⇒  high luminosities !


 extremely powerful detectors (to suppress background) 
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LHC Parameters: Technical Details
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The LHC Magnets

• Superconducting main dipoles

• biggest challenge: magnetic field of ~ 9 T


• overall 1300 main dipoles, each 15 m long


• operated at 1.9 K (superfluid helium)
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The LHC Magnets
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LHC Installation

�39Particle Physics at Colliders and in the High Energy Universe: 
WS 18/19, 09: Particle Colliders

Lowering of the first dipole

into the tunnel (March 2005)


Installation of dipoles in the

LHC ring
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LHC Installation
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Interconnection of the dipoles

and connection to the cryoline

A view of the tunnel…
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LHC Installation
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LHC Status

• 09.09.2008: first stable „beam“ in LHC 

• 19.09.2008: technical problems with large impact: 

 destruction of parts of LHC ring; repair of ~1 Jahr.

•  20.11.2009: restart after repair; first collisions!


•  11.12.2009: world record: collisions at 2.36 TeV! (2·1.18 TeV)

•  30.03.2010: collisions at 7 TeV  (2 · 3.5 TeV)


•  Nov. 2011:  5 fb-1 at 7 TeV per experiment

•  2012: 	 - collisions at 8 TeV 
	 	 - until Dec:  ~20 fb-1  
	 	 - 4. July 2012: a new Boson ...


• 2013/14:  long shut-down (LS1); 


• 2015:       operation at 13 TeV; 25 ns bunch spacing
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LHC Operations: Always an Adventure
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Overcome a few problems

7

WEASEL PS MAIN POWER SUPPLY SPS BEAM DUMP
• Limited to 96 bunches 

per injection 
• 2076 bunches per beam 

cf. 2750 
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LHC Luminosity

• Design luminosity reached end of June 2016
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LHC design goal: 1034 cm-2s-1
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Measuring the Luminosity

• Different techniques in use - the most “basic” one: Van der Meer - Scans
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Kristof Kreutzfeldt, U. Gießen 5

Beam separation scans

ℒ=nb f r n1n2∬ρ1(x , y )ρ2(x , y )dxdy=
nb f r n1n2

2πΣx Σy

● Proposed by van der Meer
● Measure specific interaction rate 

for several beam separations

Σx, Σy: convolved beam widths

n1 n2: bunch population product

ρ1, ρ2: normalized particle density 

      in transverse plane

S. van der Meer, CERN-ISR-PO-68-31 (1968)

Bunch 1
Bunch 2

ρ1(x,y) ρ2(x,y)

n1

n2

number of bunches revolution frequency

no. of protons per bunch

beam width
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Kristof Kreutzfeldt, U. Gießen 5

Beam separation scans
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● Measure specific interaction rate 
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n1 n2: bunch population product

ρ1, ρ2: normalized particle density 

      in transverse plane

S. van der Meer, CERN-ISR-PO-68-31 (1968)

Bunch 1
Bunch 2

ρ1(x,y) ρ2(x,y)

n1

n2

number of bunches revolution frequency

no. of protons per bunch

beam width

Kristof Kreutzfeldt, U. Gießen 6

Separation scans in practice

⇒σvis=μvis
MAX 2π Σx Σy

n1n2

Luminosity from scan and rate: 

● From scan data:
● Convolved beam widths                        

(if gaussian  → RMS)
● Peak interaction rate 

● Bunch population product from external 

beam current measurement (LHC group)
● Conditions with relative low number of 

bunches and peak rate
● Stability of measured σvis with BCID and 

different scans  assess uncertainties→

Scan determines beam width


bunch population from external measurement

Accuracy on the 2% level
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LHC Integrated Luminosity
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A Consequence: Pile-Up

• High luminosity results in multiple interactions per bunch crossing
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Example: Z->µµ process, in an 
event with 25 reconstructed 
interaction vertices

~ 5 cm 

Remember Lecture 4:

large total cross section, small 
cross section for “interesting” 
processes
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LHC Long Term Plan

• Continuing current run until 2018

• “mild” luminosity upgrade (injector upgrade) 2019/20


• HighLuminosity LHC upgrade 2024-26:  
4 - 7 x 1034 cm-2s-1 peak luminosity
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HL-LHC: Luminosity Levelling

• A key “feature” to limit excessive pileup: Luminosity leveling
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Figure 3. Left: Luminosity profile for a single long fill: starting at nominal peak luminosity (black line), with 
upgrade no levelling (red line), with levelling (blue line). Right: luminosity profile with optimized run time, 
without and with levelling (blue and red dashed lines), and average luminosity in both cases (solid lines). 

Because of the levelled luminosity limit, and to maximize the integrated luminosity one needs 
to maximise the fill length and assure average fill lengths that are longer than the levelling 
time. The fill theoretical length can be maximised by maximizing the injected beam current. 
Other key factors for maximizing the integrated luminosity and obtaining the required 3 fb-

1/day (see Figure 4) are a short average machine turnaround time, an average operational fill 
length which exceeds the luminosity levelling time, and good overall machine efficiency. The 
machine efficiency is essentially the available time for physics after downtime for fault 
recovery is taken into account. Closely related is the physics efficiency – the fraction of time 
per year spent actually providing collisions to the experiments. For the integrated luminosity 
the efficiency counts almost as much as the virtual peak performance. 
The HL-LHC with 160 days of physics operation a year needs a physics efficiency of about 
50% to reach its goal. The overall LHC efficiency during the 2012 run, without luminosity 
levelling, was around 37%. The requirement of an efficiency higher than the one of the 
present LHC, with a (levelled) luminosity five times the nominal one, will be a real challenge. 
The project must foresee a vigorous consolidation for the high intensity and high luminosity 
regime: the High Luminosity LHC must also be a high availability LHC. 

 
Figure 4. Luminosity cycle for HL-LHC with levelling and a short decay (optimized for integrated luminosity). 

2.4. HL-LHC PARAMETERS AND MAIN SYSTEMS FOR THE UPGRADE  
Table 1 lists the main parameters foreseen for the high luminosity operation. The 25 ns bunch 
spacing with the highest possible number of bunches is the baseline operation mode; however, 
a special scheme of 8 bunches followed by 4 empty bunches (8b4e) all 25 ns spaced, is kept 
as a possible alternative in case the e-cloud or other unforeseen effects undermine the nominal 

• Allows longer running at high luminosity per fill, only mild impact on average 
luminosity, with substantial gain in terms of experimental conditions
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Summary
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• Accelerators are key instruments in particle physics - with many applications 
beyond fundamental research 
                                     


• Proton synchrotrons in “collider mode” reach the highest energies - limited by 
accelerator radius and main dipole field


• The Large Hadron Collider LHC is the current energy record holder - and has 
now exceeded its design luminosity

• Physics program with luminosity upgrade extending to 2037
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Next Lecture: Detectors for Particle Colliders II,  
F. Simon, 17.12.2018

• Accelerators are key instruments in particle physics - with many applications 
beyond fundamental research 
                                     


• Proton synchrotrons in “collider mode” reach the highest energies - limited by 
accelerator radius and main dipole field


• The Large Hadron Collider LHC is the current energy record holder - and has 
now exceeded its design luminosity

• Physics program with luminosity upgrade extending to 2037
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Lecture Overview
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15.10. Introduction, Particle Physics Refresher F. Simon

22.10. Introduction to Cosmology I B. Majorovits

29.10. Introduction to Cosmology II B. Majorovits

05.11. Particle Collisions at High Energy F. Simon

12.11. The Higgs Boson F. Simon

19.11. The Early Universe: Thermal Freeze-out of Particles B. Majorovits

26.11. The Universe as a High Energy Laboratory: BBN B. Majorovits

03.12. The Universe as a High Energy Laboratory: CMB B. Majorovits

10.12. Particle Colliders F. Simon

17.12. Detectors for Particle Colliders I F. Simon

Christmas Break
07.01. Detectors for Particle Colliders II F. Simon

14.01. Cosmic Rays: Acceleration Mechanisms and Possible Sources B. Majorovits

21.01. Supernovae Accelerators for Charged Particles and Neutrinos B. Majorovits

28.01. Searching for New Physics at the Energy Frontier F. Simon

04.02. Baryogenesis via Leptogenesis B. Majorovits


